BOEING

NG9 - 12245 .

o

3

< (ACCESSIOR NUMBER} M . (THRU)

e /20 : .

I N

> -

ad {PAGES) (CODE)

3 o -

o a

2 CR-T/825 -. o7
INASA CR OR TMX OR AD NUMBER] B ccATEFoR'n

SEATTLE, WASHINGTON

Reproduced by the
CLEARINGHOUSE
for Federal Scientific & Technical

Informafion Springlield Va. 22151




7 Dnin) L e

Countract No. NAS5-10443
Radiation-induced Nonlinear
Degradation of Transistor Gain

D2-125680-2
Six Month Progress Report
Electron Nonlinear Dewage

Prepared for:
NASA Goddard Space Flight Center
Greenbelt, Maryland

Transmitted by Boeing Letter
2-1101993-3-729-0R.

Prepared By:  R. R. Brown
) o " Lo Lo Sive

THE BOEING COMPANY
Aerospace Group
Seattle, Washingion



D2-125680-2

ABSTRACT

This document constitutes the sem1 —annual progress report for NASA |
Gontract NAS 5- 10443~ Included is a- description of -research- conducted-during
the perlod of Januvary 4, 1968 to July &, 1958. Work on the program hzs be:n
directed toward accompllnh_ng the main objective which is the establlsﬂment
of cerrelation and equivalencé factors of radiation induced nonlingar degrada-
tion of transistor current gain. Research is progressing essentially in full
accordance with fthe program plan as outlined in the Boeing technical proposal
document D2-125398-1, "Radiation Induced Nonlinear Degradatlon of Transistor.
Gain," April 1967.

-

A short account of the experimental conditions .during the 1 MeV electron
test is given, including s description of the different transistor groups,
the measursments and the exposure condifions. The bulk of the report deals
with the analysis of the extensive amount of data obtained during the 1 [{eV
test. Certain specizal measurements carried out on selected groups are
analyzed against the theoretical backgrournd of nonlinear damage as it is
understood today. Differences between NP and PNP passive and active
(duwlng exnosure) dev1cos are illustrated aﬂd dlscussed in detall Other
measurements, common tc alI Eh? d°v1ces, cavb us a- deualled plctLre on the
dependence of the nonlinear damage upon the emitter current durlng ggln
measurements. These measurements also furnished data for a statistical
study in which differences in irradiation response among devices within a

baich,; among batches and between manufacturers were revealed.

Also included in this report are 1} a discussion of the experimental
results on the analytical forms of the buildup of the nonlinear damage witl
fluence, and 11) Some thoughto on the probTem of selecting the proper -~

qaantltle in te"ms of whlch the raalatlon sensitivities of transmstors

can -be compared.
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1,0 INERODUGLION

1.1 NEEDS

- P i .5 - 3 . - L] - -
The general needs thet relate to space mission. vulnerability of electronic

systéns include the-ability to:

1. Extrapoiaie from laboratory—simuigted_radiatibn_tests-to space radia-
tion performance; - - ‘

2. Extrapﬁlate from performénce on an in-flight test to other space
mission conditions; 7

3. Generalize from radiation.effects on a limited number of transistors
to the effects on many types; and . - -

L, De%elbp techniques to allow.for stardardization in gqualification

testing of new devices.
1.2 PROGRAM DESCRIPTIOH

Phase I of this program was completed under NASA Contract NAS 5-$578.
The objective of Phdse I research was the establishment of valid space radiation
equivalences for permansnt displacement damage teo silicor transistors. The
results of that work (specifically the rglative effectiveness of elecirons znd )
protons of different energies as well as Cobali-60 gamma rays) were feported in
NASA report CR-814, "Space Radiation BEquivalences for Effects on Transistors',

by R. R. Brown and W. E. Horne, July 1967.

~ Phase I1 of this program is being conducted under this contract NAS 5-10443,
"Radiation~Induced Nonlinear Degradation cf Transistor Gain". The -objective of
Phase II is the establishment of corfélaﬁion aﬁa equivalence factors of radiation-
induced nonlinear degradation of transistor current gain for use in the evaluation
of. semiconductor devices for spacecraft missions. The integration of efforts and

goals of Phase I and Phase IT are shown in Figure 1.

The work in Phase II was divided into three tasks,

Task A —-.Empiricaily formulate the depéndence of nonlinear damage on

radiation, by:
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1. Establishing the dependence of nonlinear gain degradation on the
emitter current at which the gain is specified.

2. Determining_ the statistical spread in the increase é% nonlinear
damage with radiation exposure for: (&) one batch type; (b) different batch
types; and (c) devices from manufacturers with different processing controls.

3. Estabiishing ionization equivalences for nonlinear damaée.

Lk, Exploring the source of nonlinear damage by the use of Vgp versus Ig

anzlysis and initial parameter correlation. \

- Task B -~ Determine the synergistics of combined effects, by:
=25 B yHerg

}. Testing transistors with-simultaneocus exposure to electrons and

protons. .
2. Comparing the resulis of combined tests with separate exposures to
determine the extent of nonadditive damage.
3. Studying the methods reqﬁired for integrating the ionization and dis-
placement effects on & device for particls energy spectra typical of the space

environment.

Task G ~- Determine the influence on radiation equivalence for operation

of devices under continucus electrical bias during exposure, by:

1. TUse éf a ﬁultifactor-experimental design to irradiate transistors
under various combinations of: (a) particle exposure; (b) operating current,
B3 and (e) bias voltage, Vé.
2. Use of a computer program for a statistical amalysis of the functiopal
dependence of gain degradationh on particle exposure, Ié, and Vé.
3. Modification of ionization equivalence values due to electrical

operating conditions.
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1.3 SUMMARY OF PROGRESS

Degrédation of oxide passivated planar tranpsistor parame?ersa due to
surface effects induced by ionizing-l MeV electron irradiation,; was the sub-~
ject of our study. In particular the gain degradation due to surface effects
called the nonlinear damage received cur mein attention. The behavior of cur
devices, 2N1613 ~ NPN and 2N1132 - PP, was monitored during exposure under
both passive and active conditions. Both the NPN and the PNP transisiors were
precured from two manufacturers, Fairchild and Raytheoq, in specified batches
in order to study the differences in irradiation response among t@e devices

within a given batch, among batches and between manufacturers.

Beside the measuremenis of 16 parameters (hFE at varicus injeciion

levels, Ippys Topgr Vaat
v

8’ TEBo S Vr' Tepo Y+ Vr Cmv Cae
groups of devices in order to help in the interpretation of the data,

«+.) on all the devices, special measurements (IB vs. .

...} Were also carried out on selected

The degradation of the transistor parameters are interpreted in terms
of the current models of the effects of ionizing irradiation on oxidized Si
surfaces; namely in terms of the posifive charge accumulation and of the new

interface states.
Some of the highlights of our resulis zre given below:

A tremendous difference in radiation sensitivity between the passive
and active NPN devices wasiobserved. The active bias during exposure strongly
enhanced gain degradation., Charge accumulation on the Si0, surface was also
enhanced by the active bias; the redistribution of these charges during off-

"beam and off-bias periods gave rise to slow drifts (recoveries), in the

transistor parameters.

e

No significant differences between the passive and active PNP devices
were noted. The gain degradation was approximately of the same order as that

of the passive NPN devices.
t

. A considerable interest was focussed recently on the problem of
predicting nonlinear damage by finding the proper functional relation between
gain degradation, in terms of Z}l/hFE, and fluence (or dose). A simple power

" law of the fomm le/th = constant &% (0 < x < 1) is advocated by some workers.
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Our results indicate that other functional forms of the buildup of damage
with fluence also exist.. Moreover, if some of the curves for the active
NPN devices are fo be approximated by a power law then x > 1 value should

be used.

_ An interesting and useful relation betwsen gain loss ZthE and
initial gain, ﬂb, was noted experimentally, resembling somewhat a correla-
tion between those two quantities iIn a certain fluence range. - Consequently,
an approximate prediction of gain loss from initial gain is possible subject

to some limitations.

The dependence of the nonlinear damage on the measuring collector -
current is also given, both in mathematigal and in parametric representation.
The dependence is rather strong, the gain degradation being most drastie
at the low curéent values. MNonetheless, gain loss was significant even at

high currents.-

A statistical siudy designed to establish the scatter in gain degrada-
tion among presumably Yidentical" devices during the same exposure conditions

revealed the following:
i) Devices within a batch tend to behave similarly,

ii) Devices coming from separate baiches are likely to bshave dissimilarly

if the batch numbers (i.e., the date codes) are very different,

iii) Devices originating from separate manufacturers are likely to be very

dissimilar due to differences in surface preparation, geometry, etc.

Comparing devices from different sources as to their radiation sensitivity
raised the problem of finding the proper quantity(ies) in terms of which the
i ; . 1 o/ 8 £ .
devices can bé compared. Both 2 /hFE and ZthE/hFE were used for such purpcses

The Latin Cube computer calculabions have been performed. Data on the

dependence of damage on I, V, and @ (as well as interdependence) are .being

analyzed and will be summarized in the final report.
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2.0 . DEFAILED DISCUSSION OF PROGRESS

2.1 SHORT SUMMARY OF EXPERYIMENTAL CONDITIONS
2.1.l Transistors Used

Oxide passivated Si planar transistors (2N1613-NPN and 2N1132-PND)
-were selected for our study. Each type was purchased from two different

manufacturers, Fairchild and Raytheon.

During irradiation the devices were divided into two groups, cne

group was under sctive bilas, the other was passive.

Unbiased (passive) group: Consisted of 30 Fairchild 21613,
30 Raytheon 2N§1613, 28 Raytheon 2N}132,'and 30 Fairchild 2N1132. fThese
transistors were parﬂ of a statis%ical analysis to indicate differences
between manufacturers and among batches. The batch number is simply a date
code marked on the device can indicating the year and the week when the de-
vice passed its final electrical test during manufacturing. Throughout this
report the expressions batch number and date code will be used interchangeably

as synonyms.

Biased group: Consisted of 50 Fairchild 2N1613% and 50 Raytheon 2N1132,
The devices were used to reveal the influence of the different bias conditions

on the nonlinear gain degradétidn.
2.1.2 Measurements of Transistors

2+1.2.1 Fairchild Series 500 Test Data

The Fairchild Series 500 transistor tester was programmed to automatically
perform 16 sequential measurements per transistor. Data from all transistors
was automatically logged on IBM cards using a Fairchild Model Option K data
logging module, and an-IBM 526 Card Punch.

The Fairchild Series 500 test set was programmed to measure the fol-
lowing parameters: d.c. common emitter current gain, hgp, at a collector
voltage of 10 volts and at emitter currents of 10, 30, 100, and 300 pa,

1, 3, 10, 20, and 40 ma; Vgg(sat) at hgp = 10 for Ip = 150 ma; Igpg at Vep = 5,
20, and 60 volts for 2N1613%'s and Veg = 5, 20, and 50 volts for 2Nll32's;
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Igpo 8t Vgg = 1, 3, and 6 volts {except for Fairchild 2N1132's which were
tested at 1, 2, and 4 volts). Current gain values for collector‘currents'
of 2 ma and above were made'ﬁsing the short pulse mode (350 usec) in order
to limit device heating'. A Wyle Eiiifi'ronmental Chamber Model CN LO606LO was
used to control the ambient transistor temperature to 35 % %°G'du:iné

‘measurement.

To verify instrument repeatability Ystandard" trapsistors.were

measured periodically and values were compared with those obtained earlier.

2.1.2.2 BSpecial Measurements on Selected Devices

Table 1 summarizes the program of special transistor measurements made
on selected devices. In any given seleé%ed group the transistors represent
three different bilasing conditions applied during irradiation: passive,
10V - 0.1 ma and 10'V - 10 ma. Thg.special measurements were useful in fur~

nishing more detailed information on the source of nonlinear damage.

2.1.3 Irradiation Conditions

The electron test setup used in the initial Phase I work (NASA report
NAS CR~-814) was improved in preparation for the l-Mev electron test. The
beam handling system is essentially the same as that shown in Figure 2.
Changes to this system include: 1) a four element slit system (current
pickup capability on the slits) used to_positicﬁ,ahd moniéor the beam, 2)
an automatic remote controlled rotating Faraday cup for dosimetry Happing,.
3) an aluminum block mounted beside the rotating Faraday cup. This can be
rotated intc a position to block and monitor the electron beam at its entrance
to the test chamber, and 4) a one-fourth-inch thick aluminum diaphragm mounted
s0 as to baffle electrons scatiered at large angleg.anﬁ prevent them from

increasing the low energy background at the transistor mounting plate. -~

After experimenting with many:different foil thicknesses a 10 mil
aluminum foil was selected in order to obtain a reasonably uniform exposure.
-of transistors positioned on a large diameter ring, cylindrically symmetrical
to the beam axis. Scattered beam intensity versus scattering angle is shown in

Figure 3. Rings of transistors were located at 22 and 26 degrees séattering angle.



Table 1. Special Measurements oh Transistors

WHEN MEASURED

NUMBER OF THE

TRANSISTORS IN TYPES

Z2~0g95eT-2a

MEASUREMENT TEST CONDITIONS 2N1613 2N1132-
| 41 Vv T =35°C Before and after irradiation 20 ) 20
¢ e lp VersSUs Vgr VBE = {0.1-0.72)V = After every third &y 5 5
: T =235°C .
!EBO and ICBO . ViE ;—-ZV After each @K 10 - .10

T .=35°C-200°C . - ‘ .
IEBO' ICBO versus T VaE iQV . Before :rrcrdrc_:hon“ 10. Lo 10
L Vac = 10V '
I | v T =235°C . ~After every third @y .5 5
EBO’ ‘cpo VErsWS T =100°C Before irrediation " 5 5.
CBE(O\/)’ CBC(OV) T = room temperature After each (X)K 10 10
R T = room temperature .

CBE’ CBC versus V Vg = (0-6)V Before and after irradiation 5 5

T VBC = (0—24)\/

. T  =room temperature : :

1t from h..(db) tester f =30 MHz Before and after irradiation 60 40
b FE | _ :
. E T {0. 7-40) mo

{All No bias transistors in
the 1 MeV electron test)
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TLD powder dosimeters were mounted in the test chamber during the beam
napping tests, Total dose as determined from measurement of the TLD powder, !
agreed well with fluencé values calgulated from cutrent readiné taken from

the rotating Faraday cup.

Other relevant experimental detzils of the 1 Mev elesctron test are
. .
glven below:

Source of electrons: The Dynamitron accelerator pfoviding the DC

electron beam. The beam energies were approximately 1.4, 1.3, and 1 Mev when
incident on the 10 mil Al scattering foil, om the 8 - 11 mil Kovar transistor
can and on the Si chip respectively. Although electrons with 1 Mev energy
caused lattice displacements in s;licon: the number of such events was
relatively small below about 1015 electrons/cm® fluence. No effects on the
transistor parameters due to lattice displacements were observed below the

guoted fluence value.

Beam intensities: Exposure rate was increased by a factor of about

50 during the course of the experiment. (Initial stages: 1/2 pa; final
stages: 24 pa incident beam on the scattering foil.) Such variation was a
practical necessity in order to cover about 4 orders of magnitude in fluence

values within reasonable times.

Temperacure OL irradiation (as monltored by a Copper—Constantan

thermocouple, fastened to the transmstor cans): Temperature varied between
25 = 32°C for the unbiased tran51stors and between 35 - 41°C for the biased

transistors. Ti&r increased gradually .as higher and higher beam intensities

ware used, Note that most of the biased transistors were heatsinked in crde

to avoid excessive temperatures due to internal heating.

Fluence values: 17 fluence points were chosen in the range of about

3 x 101t - 3 x 1015 electrons/cma. In the calculation of the actual fluence
values the transmission losses suffered by the-electrons, when traversing the

transistor cans, were -taken into account.

.

. Measurement conditions after irradiation: The bias supply was turned

off within two minutes after completion of a given irradiation. Generally,

the pulse measurements of gain and other parameters were started on the Fairchilc
: ks

11
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Series 500 within less than an hour and were completed within an additional
2-1/2 hours. Forward biasing of certain selected devices also took place from
time to time during the Ip and Iy vs. Vpg measurements. The reason for
-stressing these conditions now is that in certain cases a recovery of surface
damage was observed in-between irradiations, sven at room temperature. Thls
recovery might have been a simple function of time and/or it might have been
initiated or accelerated by the meagurement itself (due to the injection).

Consequently, it was desirable to monitor the conditionms.
2.2  SOURCE OF NONLINEAR DAMAGE (TASK. A4)

2.2.1 Theoretical Background

In the following we will give a brief review of the effects of i;nizing
irradiation on oxide paésivated Si surfaces and on the subsequent physical
events leading o plénar transistor degradation. This step is necessary be-
cause our experimental results will Ee discussed and analyzéd against this

background.

2.2.1.1 Effects of Ionizing Irradiation on Oxide Passivated Si Surfaces

_"According to numérdus investipgators an oxidized” Si-surface when

(1)

exposed to ionizing irradiation undergoes the following changes:

i) Positive charge is accumulated within and sometimes on the 5i05.
ji) New energy levels are introduced into the forbidden band of Si

at the 5i-35i0, interface. Shortly, new "interface states' are created.
. “'Let us discuss the physics of these two events briefly in turn:

i) Physical origin of the accumulated charges and their buildup

with dose{

Thé accumulation of positive charge within the SiOp in the presence
of a uniform electric field across the oxide (during irradiation}, is quite‘
satisfactorily exﬁiained by Mitchell(a). His model assumes that hole-electron
pairs are created in the éi'O_?_ by the radiation and that some of the elect'rons
thus created drift out of the Si0p layer under the action of ;n applied
potential,across the oxide, Vg, while the corresponding holes become trapped.

The analysis predicts 1) a dependence of charge buildup on radiation dose D,
; ®

12
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approximately of the form 1 - exp(~fD) where /2 is a material dependent
constant; 2) a linear dependence of the charge buildup at saturation on Ve
for both polarities of Vg; and 3) the dependence of the charge %uildup on

the total dose absorbed and not on the rate at which the dose vias received,

Experiments by Mitchell himself as well as by others on MOS structures
(NOT .on bipolar tranéistors) support the type of charge buildup process
predicted by the equation 1 =~ exp(—ﬂb) . We will also make an attempt to
correlate our gain degradatioﬁ vs. dose curves with the.predicted charge

buildup vs. dose relation.

Another important case we should try to understand is the expéri—
mentally observed positive charge accumulation within the SiOp when there is
'EE electric field across the oxidé layer during irradiation (VG = 0). TUnfor-
tunately there is no satisfactory treatment accounting for the charge accumula-
tion under zero bias conditions. Only some tentative ideas have been proposed
s0 far.ca)

The understanding of charge collection on the SiO, surface of a planar
transistor is relatively easy. It occurs only when the collector base junction
is reverse biased during irradiation. It is due to the irradiation induced
ionization of the gas within the tranéistor caﬂ and the subsequent collectién
of the positive ions over the base or the collector by tﬁe electric field

existing between the can and the base (the can is connected to the collector).
ii)} Physical Origin of the Interface States and Their Buildup with Dose:

At the present time there is no theoretical treatment predicting the

funeiional form of buildup of new interface states with dose, like the one
A

worked out for charge accumulation. The primary reason is probably that even
the identity or the physical origin of the defects responsible for the interfac
states, both original and new, is in gquestion., Some workers claim that the new
states are due to the breakup of Hydrogen-Si bonds at the interface by the -

(3)

Hence, thé étates;are independent of the accumulated charges

(4)

irradiation.
within the oxide. Other researchers propose that the interface!states are
due to some positive and negative charges located in the oxide within a certain

distance from the 5i~8i0p interface. There ars quite a few valid arguments for

13
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or against either propositien. It is very likely that there are several
sources of the original and the new interface states, including the two

ideas presented.

- ~—TFor the purpose of this report, we conclude that the creation of
new interface states is a fact} aithough the physical origin of the states
is still uncertain.E In any case it is shown experimentally that the buildup
of new states with dose will also go into saturation not unlike the buildup
of positive charges. It is claimed, however, that the buildup of the new
states is independent of the applied gate bias during irradiation in MOS

(3)

structures.

2.2.1.2 Degradation of Transistor Parameters

Next, we would like to discuss the expected degradation of a passivate:
planar transistor in terms of the surface changes caused by ionizing irradia-
tion presented previously. The two main degradations we are concerned with
are the increase of Iopy and the decrease of hgp. To be more general, we
will talk asbout the increase in the reverse current, IR. Also, instead of
the degradation of hpp we,will discuss the increase of the bqse current, Ip.

These latter two events are equivalent because

=
|
=
H
i

C CEQ C

s i

where

- I
= (G
I = (I Y} x Ic

CEO B BO

Since IC changes very little during ionizing irradiation it is the increase

in IB which is primarily responsible for the gain loss. e

Now we wish to find out the controlling wariables of currents IR and

IB in order to assess and understand the effect of the charge accumulation

and the creation of new interface states on the appropriate variables hence
on currents IR and IB. Reiterating some of the results of semiconductor
device physics it is well established that in terms of their physical

(6)

origin IR and IB are given by: - .

14
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- i ) . . ) -
g = § Ig = ? 'I;en and I_ z I lz Iiec . (2
. ; -

The equations above tell us first that both IR and IB are made up of several
different components designated as TR and IB, gach component having a different
spatial origin in the transistor. The regions in question are: bulk of the
emitter and of the base; surface 6f the emitter and of the base; bulk of the _
junction transition region; surface of -the transition region; channel (in-

- version) region, if present. (The appropriate components originmating at the
_surface of the junction will be designated as IB, IR, I c! iZen') The re-

lative importance of these regions in contributing to I or IR depends on

many factors including the injection level (for IB). AE an example, it is
the surface of the transition region which is the most important in deter-
mining the value of IB thus the current gain at low injection. More will be
said about the empirical equations representing the different IB components -

in section 2.2.1.3.

It is also shown in Equation (2) that the separate components can be
identified with thermal géneration (Izen) and recombination (Iiec) currents
respectively as to their physiecal origin.. Equations (2) then simply express
the fact that in a given region of the transistor a thermal geﬂeration current
will result whenever the thermal genératioﬁ'rate of hole-electron pairs is
made excessive over the recombinatioﬁ rate of those péirs. (The;thermal
generation is due to tﬁe eleciromagnetic radiation, called "the?mal radiation',
present in any material at temperature T.) Similarl&,,a recombination current
will result whenever the recombination rate becomes excessive over the genera-
tion rate. In thermal equilibrium these two rates are equal of course, but
by external means (e.g. reverse bias, for@ard bias, illumination...) the™
balance can be destroyed and one ends up either with current sources furnishing

the IR or with current sinks representing IB. ) - -
By taking into account the fact that according to the Shockley-Read~-Hall
theory the generation. and recombination of hole-eleciron pairs takes place through
some energy levels located in the forbidden eneréy band, serving as "stepping
stones" for the particular process, we can now list the variables coﬁﬁrolling IR

and IBr

15
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'y

-J:::-‘g =1 (Nt?'Et‘ T2 Tys By Py Ty Vs n; p) (-3)

. . *
where Jlg is the recombination or generation current density in a g;vnn
region of the trans;stor‘(hencg Ji = Ié and Jg =1 ) By writing dr
instead of Jr and Jg ve want to emphasize the 1nt1mate relation between J
and Jg since the same energy levels serve as stepping stones for either- the

recombination or the generation process. -

Nt: Density of energy levels in the energy gap promoting the gensration
and recombination; Et is their energy position; (jzl,cgtare the

" electron and hole capture cross-sections respectively

n_, P : Equilibrium electron and hole concentrations in the bulk

T: Temperature
'H Applied voltage
I, ﬁ: Electron and hole concentrations in the particular region in question

The explicit functional form of Jl is sonewhat dlfferent in dlfferent
reglons of the transistor it is also dlfferent for Jr and J* {i.e. for I and
I ) At the surface of the tramsition region for both J.r and Jg the dependence '
on Nt is linear. The dependence on n and p is much more tomplicated, containing .
hyperbolic cosine functions., Ji will have a maximum when n = p 3'ni exp(qIVF|/2KT)
and JZ has a maximum when n, p< n, i.e. for a depleted surface. n, is the

intrinsic carrier concentration, V_-is the applied forward bias. Incidentally,

F
o . s el
the semi-empirical expressions for (Jr)max and (Jg)max
S _ I8
(Jg)max =qx8 xmn %)

where S has been defined as the surface recombination velocity of a depleted
surface. It is proportlonal to the density of the interface states. (Actually
S0 ='Smax here since the Ny P L n. condition made S reach 1ts éax1mum value
in the reverse biased case. O0f course S iz still a ;unctmon of Nt’ Et’ cyél,

O.» Ty n, p_as listed in mquatlon (3). ) Also, .
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> alvl
X q S X Ny S

M

(5%) exp <quFI /2KT) (5)

r'max T

&

. foxr IVF] >> KT/q

s .
It is szgnlflcant to note that surprisingly (Jg)max i.e. (IR)max is

independent of the reverse voltage in Bquation (4).

Another interesting result comes by taking the ratio of Equations (5)

and (4).

*

(JS) qlvFl

exp (ol vpl/2xm) 6

. s s ’
- L ] h i i i
I.e. the ratio of (IB)max/(IR)max is a constant at a given forward bias
and temperature. Consequently.if, for example, the maximum surface generation
current, (Iz)max’ increases by a factor of two because of new interface states

then so does approximately the maxdimum surface recombination current, (IB)max

(Hence the h will also decrease by a factor 0¢ two )} Similar approximate
results are obtalned by taklnﬂ the ratios IB/I for other current components,

signifying a close relation between them, although the ratio in those cases

13

will depend on the reverse bias, VR, as wvell.

Having found the variables cohtrolling IB and IR in Equation (3) we can

now discuss the effect of the charge accumulation and of the new interface

states on these currents in terms of their variables.

——

The introduction of the new interface states will increase the density

of the recomblnatlon - generatlon levels, NL, in Equation (3). Consequently
both IR and I will be enhanced since their surface components I and IR

are increased llnearly with Ntf Although the energy positions and respective
capture cross-sections of the new levels may be different from those of the

levels originally present, it is an experimental fact that the new energy

17
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levels themselves are véry efficient recombination-generation states. It
should be pointed out that whenever Ig is affected seriously as the case
here, then the gain degradation is most significant at low injection levels

. L]
where usually IB'3 I; even before irradiation.

The effect of the charge accumulation (either within or on the SiO

2

or both) on IB and IR in terms of their variables will be somewhat different

in the following cases therefore treated separately in turn:

i) No inversion, only depietion of the substrate Si occurs. The

charge accumulation will modify n and p at the surface of the tramsition
region (ns, ps) in BEquation (3) by changing the surface poténtial hence Ji or
Jz will be modified. Ig and I; ma? er may not reach maximum as a function of
the su?face potential (thus n_ and ps) depending upon the extent of depletion
of the substrate.

i

ii} Inversion of the substraée 51 occurs, thus a junction, called the
Hfield induced junctionY, is formed. This case has fto be divided into the
following three subcases: (In the first two it is assumed that the extent
of inversion is not sufficient to cause "channel" formation discussed in - N

o) There is no breakdown across the field induced junction during

applied bias:

The two new regions which affect IB and 1 in'this inversion

R
case are the surface of the inversion layer and the bulk transiticn region of

the field induced junction. However, the effect of the surface decreases

(8)

rapidly with surface inversion and will be negligible under large inversion.
{Since Ji_and JZ as functions of the surface potential has already passed their

maximum when the inversion set in;) On the other hand, the bulk transition re-

gion of the fisld induced Jjunction will serve as an extra source of current

for either IR ar IB thus contributing to their degradation.

&) There is a voliage breakdown of the field induced junction

-

during applied bias:

The breakdown can be either an avalanche or a Zener breakdown

()

depending upon the surface doping of the inverted substrate. Avalanche
18 -3

occurs below approximately 3 x 107 cm ~. Zener breakdown or tunneling occurs

"18



D2-125680-2

18 18

when the éurface doping is approximately between 3 x 10 crn"3 and 8 x 10 cm—B.

Either of these breakdowns give rise to a tremendous increase in IR. In addition,

the tunneling can significantly increase IB hence degrade hFE both at low and high

* ¥
injection levels, This effect, when it -occurs, is so drastic that it overrides i

- every other cause of gain degradation especially aé‘high injection levels.

¥) '"Channel" or ohmic path formation between the contacts of the

base-emitter, base-collector, emitter-collector.

_ This event specifically refers to the case of base inversion of
such an extent in area that a direct ohmic path between the different terminals
of the transistor develops. Depending upon the size of the‘channel the resulting
increase in ICBO or ICEO may completely disrupt further device operation. (For-
tunately the effect of a channel across the base-emitter junction alone is not
too serious for gain degradation because this junction is forward biased and

the channel path is usually highly-resistive.)

Since the accumulated charges in the SiOZ are positive it follows
that the depletion and inversion occurs on a P type substrate only. This is the
base of an NPN transistor and the emitter ané&collector of a PNP transistor.
Therefore, a different response is expected to ionizing irradiation by NPN
and PNP transistors. The differep;e in behavior is furthér amplified by the
fact that the surface doping of the base and emitter regiogs is quite different.
The emitter region is usually very highly doped (> lOZO'cm-B), conseguently
_only a very narrow region in the viciﬁity of the junction, where there is a
lateral concentration gradient, can be depleted and’inverted. Nonetheless,
since tunneling can usually occur through part of the small inverted region,
the degradation of IB hence hFE can still be very significant for a PNP
transistor as we will see later during the presentation of our experimental
results.

2.2.1.3 FEmpirical Equatioms for I;

Previously in Equa%i;n (3), we indicated the variables controlling IB

by taking into account the physical mechanisms causing the current. Next
we write down some empirical equations for Ig,which say very little about
the physical origin of the current but emphasizes its approximate voltage

and temperature dependence.
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} i & R qv
x 2, Iy and IB' 0 “Fn (V, 1T (7

'ﬁhéré'lé is an empirical constant for %hé"igacomponent.of'fhe base current,
ni(v,T) is the "ide%tifying" component number for the ig component. In
general, it may be a function of injection level and of temperature. The
value or the range of values of n for the different base cu}rent components,
are as follows: ‘ .
n = l: Bulk recombination current in the emitter and base region.
Or, surface recombination current on the emitter and base

Tegion.

I<n<2: Bulk recombination current in the junction transition re-
gion. Or, surface recowbination current over the transition
region. It is signi%icant to note thait in this imporiant
case the meaning of a given n value is unforturztely

ambiguous, unless complemented by some other measurements.

2<n<4: Recombination current in the channel (inversion) regions,

if present, and the adjacent bulk material.

In a given V and T range it is usually true that one of the base cur-
rent components is dominant. Theﬁ by detefmining.the n value we may be able
to identify the compoment in question; The identification of the spatial '
origin of the current is usually important in compleménting and éﬁpplementing
the conclusions of some other measurements., Two different tecﬁniques were
used to obtain "'n'f: '

i) VBE
VS. VBE plots as seen from Equation (7) and is well discussed in the litera-

analysis: n can be determined from the slopes of the log IB

ture. We emphasize again that a changing n value at different yBE points may
still represent one dominant IB component. The variation in n in such a case

may simply reflect its injeciion level dependence.
ii) i/hFE VS. Ic plots: n can also be determined from the slopes of the
log l/hFE vs. log IG plots at a given fluence since

20
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o Ba met

= — =.constant I
IC .

QG S

(81

Eﬁ:“-’

This is valid if the base current consists of one dominant component, i.e.

H
I exp (qV/nkT). Then since I, =

B~ g0 A ¢~ fco
constant IC and consequently obtain Equation (8).

exp (qQV/KT) we can write IB =

If one is interested in identifying only the additional base current
component(s) introduced by the irradiation then the log (ZXl/hFE) vs. log
Ic plots have to be used instead. In practice there was very little dif-

ference between this and the log }/hFE vs. log IC plot when I_ increased by

a factor of 20 or more. ?
Although method i) is more precise in obtaining n it is also far more
tedious and time consuminé than ii). In contrast the data necessary for
method ii) are relatively easily obtained on a high speed automatic transistor
gain tester like the Fairchild Series 500. Nevertheless, method i) also fur-
nishes actual IB vs. V__ data while ii) does not. In certain analyses the

BE
knowledge of the I_ values is just as.important as the knowledge of the "a"

) B
values.
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'2.2.2 Analysis of Devices from the Special Group

The special measurements are the ones discussed in 2.1.%.2 and listed
in Table 1. Typical examples on the interpretation of these measurements are
" givén below for certain devices where each dévice is a representative of a

small group.

More than that, we believe that the devices discussg@ are actually
good representatives of the four main groups of transistors used in our experi-
ment namely, the passive and active NPN's and PNP's. At least, the measurements
I ) seem to bear this

Tepo’ tepo
assumption out. Consequently the conclusions drawn below should essentially

which were common to all fransistors (hFE’

apply to the particular group contgininé the device in question.

The measurements will be interpreted on the basis of the theoretical
discussion given in the previous section. I.e., the data are analyzed in
terms of the effect of the charge accumulation and of the creation of the new
interface states on the Si surface where possible; Since the effect of the
charge accumulation is different in the presence or absence of inversion, ve
will always start the discussion of the figures with the CBE vs. fluence
measurements. These curves can tell us immediately whether or not inversion

has taken place. Conclusions drawn then can be substantiated-by other measure-

ments.

In discussing parameters such as IB, IR’ hF , which are aifected by

both charge accumulation and interface states, we gave to be content with con-
sigering only the combined effects of these two events since on the basis of

our measurenments their effects cannot be separated. One can nevertheless draw
some indirect conclusions about tﬁeir relative importance under certain condi-

tions,

The gain degradation is expressed in terms of Al/hFE vs. @ curves.
Actually ZBL/hFE =1

where Z:Ig is the sum of the extra base current
c. - -
components induced by the irradiation, and IC is the collector current at

I

"which the gain was measured. The pros and cons of other methods of presenting

the gain degradation data will be discussed in Section 2.2.4.
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NPN-unbiased during irradiation: As discussed earlier it is the p type.

base which is affected primarily by the positive charge accumulaiion and the
nev interface states, thus leads toitransistor degradation in an NPN -

structure.

The Cpg and Cpg vs. & curves are shown in Figure f#) for Fairchild
2N1613, device #i. For passive 2N1613 transistors there was no indication of
any inversion of the base surface due to the accumulated charge since Cpp and
Cgc remained approximately constant. The absence of inversion is also sup-
ported by the I vs. Vpg curves of the type shown in Figure (5) vwhere the

slopes yield n values < 1.9 (n comes from equation (7)).

Iy vs. & (Figure (6)), or what is’ essentially the same, le/hFE'vs.'é
(Figure (7)) and the Ippp vs. &, iCBO vs. € curves (Figure 8) can be
qualitatively understood by assuming an increased surface recombination
velocity due to irradiation on the base surfacé, in the vicinity of the Jjunc-
tions. This assumption as the reason for increaséﬁ Ig, is in accordance with
the n values determined from Figure (5), where 1.4 < n'g 1.9. There seems to
be some discrepancy, however, if we also assume that Igpy was likewise
dominated by the surface generatioﬂ current. Namely, such a current com-
ponent is presumed to be‘approximately independent of voltage.(6) In the

I vs. reverse voliage, V curves of Figure k9) this is true only above

EBO R
0.2 volts. Essentially similar arguments apply for the ICBO vS. VR curves
of Figure (10).

&

=10V, I, =10 ma).

NPN -~ biased during irradiation: (Bias: Vop =

Just as in the passive NPN case, it is the surface condition of the,
base, affected by the positive cha‘.rg;e ‘accumulation and the new interface
states which determines the transistor degradation. However, due to the _
active bias on the transistor during exposure, the amount of charge accumula—
tion can be significaﬁtly increased due to the fringing electric fields N
influencing charge migrations. It is not yet clear how the creation of the
new interface states is affected by biases across the junctions. Although

(5)

it is claimed to be independent of the electric fleld s it could con-
ceivably be injection dependent. A1l in all, the combined effect of the

charge accumulation and of the new interface states on active NPN transistors
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is drastic indeed. E.g., the é.'l/hFE vs, @ figures will exhibit a sig-
nificantly faster gain degradatlon with exposure than those for the respectiwve

passive devices. Also .the formatlon of an inversion layer over the base will
be noted.

CBE vs., @ curye_in Figure (1l) shown for Fairchild 2N161l3, device #13,
indicates inversion layer formation and also the receding of the layer with
fluence, Inversion layer formation resulis in a substanﬁiai increase of the
Junction capacitance since the capacitance due to the field inducéd Junction
will add to that of the metallurgical juncticn. The reason for thé receding
of the inversion layer is discussed shortly; it is dindicated by the broken
lines in Figures 11 and 13. This conclu51on is in accordance with the n
values determined from the I vs. V curves of Flgure (12) where n > 2 in

B BE
the similar fluence region.

The effect of inversion in IEBO is strikingly illustrated by.the
similarity of the I ., vs. & curve of Figure (13) to the Cop VS g plot?

The physical mechanism by which the inversion aifected I appears to be

®
channeling, it will be treated shortly. The initial, subggantial rise in
IEBO prior to inversion is due to the increased surface rncomblnatlon
velocity caused by the irradiation. Incidentally, the values- of I

became quite high above @ =5 x 1011+ elec»rons/cm2 and one might wonder if
tunneling took place across the fleld 1nduced Junctlon. This speculation

is ruled out, however, because the presence of a breakdown voltage associated
with tunneling (value expected is approximately 0.5-voli for our base doping)
of the field induced junction was ggg-observed as shown in the IEBO vs. VR
curves, Figure (14). In fact, the shape of these curves did not change at

all by the onset of inversion.

Now the question arises whether the p051t1ve charges inducing the

c¢bserved inversion layer originated within or on the 810 It appears that

most of them were collected on the outer surface of the §x1de layer (through
the ionization of the gas inside the transistor can-and the electric field.
between the base and the can which was conmected to the collector). Namely
we observed quite significant "Telstar type" effecis, i.e., slow drifts,

resulting in recovery of the transistor parameters with time after the
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irradiation was stopped and the bias was disconnected. These effects are
indicated in Figures (11) and (13) by the broken lines as mentioned earlier.

The recoveries of C__ and IEBO with time after-exposure were often substantial.

. BE
{Such effects were observed essentially on all biased NPN devices.) In the -

past, such effects were found to be related to the redistribution of charges

on the outer surface of the SiOB.
Note by comparing Figure (11) and Figures (15) or (16) that quite

significantly most of the gain degradation took place before the onset of

13

inversicn since éll/hFE or IB went into saturation above =2 x 107~ electrons/

cmg. Although the amount of positive épace charge, on the SiO2 kept changing
as indicated by the onset and the recession of the inversion layer, the cor-
respondingly changing surface ﬁoténtial did not appreciably affect the rate
of surface recombination thus I_. All these can be qualitatively understood

B

since the surface effects play a dominant role on I and IR only-before

B
inversion occurs, after inversion their role becomes less and less significant
because then the effects by the bulk transition region of the field induced

junction take over. However, this latter event is usually not too serious in

affecting IB and IR unless tunneling ocecurs.

Now since tunneling was absent nevertheless IE was drastically af-

BO
fected during inversion, "channeling" or the formation of an ohmic path

between base and emitter must have taken place. This would explain the large

changes in IE as well as the relative constancy of'IB, thus hFE’ during

BO
inversion, because channeling does not have much effect on a forward biased

Jjunction. T

The CBC vs. § data in Figure (1l) show an absence of inversion, also

confirmed by I vs. @ on Figure (13}, for device. constructional. reasons.

CBO o
According to the manufacturer. the base metal contact overlaps the collector-

base junction hence prevents charge accumulation on the surface of the oxide.

Although the assumption of an increased surface recombination velocity

explains the increase in I with fluence (Figure 13) it is partially at

CBO

variance with the ICBO VSe VR curves on Figure (17). Namely, ICBO is

approximately voltage independent only above 0.2 volt and not over the

whole measurement range as it is theoretically claimed.
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PNP - unbiased during irradiation: As stated earlier, it is a small pari of

the emitter region (close to the base-emitter junction) which is primarily
affected by the positive charge accumulation and the new interface states,
and subsequently leads‘to éain deg;;dation in a PNP structure. For ICBO
degradation the collector surface in the vicinity of the base-collector

junction is the important region.

bBE vs. @ is shown in Figure (18). for Raytheon 2N1132, device #111.
There is no sign of inversion of part of the emitter region. This is in
accordance with the n values of 1.2k -~ 1.55 obtained from the Ip vs. VBE
curves (Figure 19). Slmllarly, inversion is apparently absent over the

collector region, (see C_. vs. @ on Figure 18), which is somewhat sur-

BC .
prising in view of the low surface doping normally found in collectors.

< A - .
Increases in IB, l/hFE’ IEBO’ ICBO as a function of @ shown on Fipures
(20), (21), and (22) respectively, can be qualitalively understood in
terms of increased surface recombination over the respective Jjunctions.
This assumption is in accordance with the 1.24 € n € 1.55 values obtained
from Figure (19). However, the Tppg VS- VR (Figure 23) and ICBO vs. Vg
(Figure 2%) curves show very little if any saturation tendency with voltage
which is at variance with the theoretical predictions of the voliage

independence of the surface generation component of current.

PNP - biased during irradiation (Bias: V., =10V, I = 0.1 ma):

We saw previously the tremendous difference in irradietion behavior
between the passive and active NPN devices. No such significant differences
were observed between the passive anﬁ active PNP transistors. It is true
that, due to the reverse biased collector base junction, an increased charge
accumulation thus more severe I CRO degradation was expected and indeed ob-
served in active PNP devices (see Figures 22 and 29). Differences, however,
practlally dlsappeared when the gain degradatlon curves were ccmpared. Al-
though the detailed arguments to account Ior this observation are not clear,
at present, certain tentative ideas can be presented. For one thing, the

charge accumuilation on the $i0, surface must surely be different from the

2
NPN case, since the direction of the fringing electric field between the
can and the base or the emitter surface {due to the reverse biased collector

base junction) is such now that the positive ges ions, generated inside the

bQ
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can, are moved toward the transistor can. But then the positive charge

‘accumulation on the 5i0, could be small which is essentially the case also

for the passive PNP deyices. Secondly, in an NPN device the d;pletion of

the silicon surface and the creation of new interface states occur
coincidentally at the base surface: Hence their eifect can reinforce

each other significantly. This may hoi be the case for the emitter region

of a PNP device. If, e.g., the creation of the new interface states over

the base of an active NPN structure were enhanced by electron injection

then such an enhancement would not occur in.the emitter region of an active
PNP transistor, due to the absence of such an injection. Then the differences
in irradiation response between passive and active PNP transistors could be
restricted essentially to slight differences in charge accunulation within

the 8i0,, the net effect of which might be small. Clearly, further specula-

2’ .
tion is not justified without the benefit of additiomnal experimental data.
The remarks on the figures are very similar to the PNP - unbiased case.
Both CBE vs. @ and CBC vs. @ (Figure 25), shown for Raytheon 2N1132, device
#121, indicate the absence of inversion in the emiiter and collector regions
respectively. The n values of 1.25 - 1.64 obtained from the IB S, VBE
curves (Figure 26) support the conclusion. The assumption of increased sur-
face recombination over the junctions as the main reason for the increase in
IB (Figure 27), le/hFE (Figure 28), IEBO (Figure 29), Tepo

also in accordance with the quoted n values. However, the presumed voltage

(Pigure 29) are

independence of the surface dominated IbBO is demonsirated on the ICBO vS. IR
curves in Figure (30) only above 0.l volt (at large fluences). Worst yet,

the IEBO vs. V_ curves in Figure g};) are at variance with the thecretical

2]
predictions over the whole voltage range.

In closing this section we wouid like to mention the preliminary Tesults
of the transit time measurements on the passive devices: .The majority of-tﬁe
Fairchild 2N1613 showed an increase, most of the Raytheon 2WLOL3, 2N1132 and
the Fairchild 2N1132 showed a decrease in the base transit time with exposure.
The reverse behavior of the Fairchild NPN devices with respec% to the rest is
very intriguing. However, the analysis of these data is not sufficiently

develoved vet to warrant further discussion.
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2.2.% Analytical Form of the Damage Buildup with Dose

Displacement damage on transistor gain is often called linear damage
because the buildup of'éﬁl/hFE is proporticnal to the fluence, &. Surface
~damage-on transistor gain on the other hand is often called nonlinear damage
because the relation-between Z¥1/hFE and & is pot linear. OFf course, for
the purpose of predicting gain degradation with dose, it is of fundamental
importance to'knqq.what the actual relation is; i.e., is it a power law like
Df (at least before saturation) where x is some number and D is -the dose; or

perhaps an eiponential relation like constant (1 - ehﬁb) wherefg is a constant?

(10)

One paper claims that for'l25 keV electron irradiation

-

Al/hFE - K 1n(§/g>‘o) (9

where both K and & are some constants. Actually, for practical reasons there

is no theoretical prediction on the.d}l/hFE vs. D or & relation.

First, the electric field intensity and its distribution within the
SiO2 has to be known for the exact description of the charge accumulation
with dose. However, the fringing fields in the vicinity of the junctions due

to biases are not very amenable to theoretical analysis,

Second, it is not possible to relate ZSl/hFh directly to ‘the effect
of 1rrad1at10n in a general manney, since le/hFE is affected by both the
buildup of positive space charge in 8102 and the creation of new interface
states., The relative importance of these two effects is still unsettled,
probably depends on the particular experimental conditions. In any case,
the theoretical prediction of the buildup of interface states with dose
is still missing, as discussed in 2.2,1.1. Consequently, the buildup of

thé related quantity ZSl/hFE with dose cannot be predicted at present.

As far as the empirical curves of the ZSl/hFE vs. ¥ curves are con-

cerned we see later in Figures (35) through (46) that there is a whole

variety of curves with very dlfferent shapes depending on transistor types,

-manufacturers, batches (or date codes), biasing conditions. For.-example,
a simple power law of the form dll/hww = constant & where x < 1, is.

exhibited in Figures (36) and (40), representing about .20 and 10 devices
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respectively. Not one of our curves follow the relation (9) so its validity
is probably quite limited. Our main conclusion is that one cannot make a
specific statement about the shapeskof the le/hFE vs. & curves, excepf
perhaps emphasizing their wide variety.

We would like to stress this last point very strongly since one

(11}

recent paper claims a general validity of the simple power law.representa-
tion of the buildup of the nonlinear damage with fluence or dose, i.e., it is
claimed that

A= = constant & 0<x< 1L (10)

=i

Now we sald earlier that some of our passive devices indeed obeyed this
simple relation. But not all of them. In fact, most of them did not, as
Figures (35) through (46), representing most of our 218 devices (passive,
active, NPN, PNP), will illustrate. Of course, within a small dose range
many of the[ll/hFE vs. ® curves can be approximated by a simple power law.
However, this approximation fails when the whole dose range, below damage
saturation, is considered. -The second point is that in the proposed power
"law. representation of the noﬁlipear‘damage with dose,; the exponent, x, is
claimed to be always less or at mo§t equal to 1. In our experiments, most
of éhe active NPN transistors exhibited faster than linear rise (; > 1) in
part of theéll/hFE vs. @ plots. This means, of course, that in trying to
predict nonlinear damage for such devices, in a given mission, with a less
than linear power law, will badly underestimate the expected gain degrada-
tion. Due to the great importance of such prediction problems, further
study would be'clearly justified to clear up the discrepancies just dis-
cussed. (Interestingly enough, there appéared to be a slight voltage o
dependence of the exponent, x, being legs than 1 or equal to 1 at the lower
collector-base voltages. It is intriguing to speculate that the value of X,
for whatever the power law approximation is worth, is dependent not only on
device structure aﬁd processing variables, but also on the applied‘active
biasing conditions. Note that in Reference (}l) x is not assumed to be
dependent on biasing, the authors simply increaée the surface damage constant,
ks, to account for higher gain degradation of transisgors with a reverse

biased C-B juncfion.)
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2.2.4 Correlation Studies

In trying to predict the response of bipolar transistors to lonizing
- 2
irradiation it would be of considerable help if one could correlate certain

initial and final parameters.

With this idea in mind, correlation studies were carried out between
T
a number of initial and final parameters. Table 2 summarizes some of the
results. Parameters in question are listed as well as the degree of correla-

tion expressed in terms of the Rank coefficients.

As shown in Table 2 and in Figures (32}, (33), and (34), good correla-
tion was found only in one case, namely_Petween the gain loss ZShFE and the
initial gain h%E’ especially for the Fairchild devices. In the strict sense
of the word the relationship found in the guoted figures is not really a
correlation. It may.be nothing more than a useful relation for predicting
gain loss subject to certain limitations. Nonetheless, the word "correlation!

will be used, rather loosely, in this report, in the context described below.

1 [+]
Relation between ZShFE and hFE

byp = e A By = O

}EIE: sum of the extra base current components introduced by the
irradiation.

=

AR A S Ty 215
A +- =1- I /19 =i-73 x o x
o o B CI9+ 2Ir Ip+ 2T

Sy
Aﬁ:ﬁ ?/gf-‘“‘—_l“a“ /s

1+ B;
21,
Aﬁ =K /"% where K = —l—o (1)
I
1+ B
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. - .6
Initial Parameter '/% (10 v, 0.0L mA) 1/IEBO (j, volts)
Final Parameter /f AN ﬁ A/_{V/g"o Alﬁ ﬁf Ay &ﬂ/ﬂo AN
NEN
'a) - NPN Fairchild, unbiased .82 .95 46 -.63 .03 .22 27 - .09
b) NEN Fairchild, Wiased .21 .89 .22 k] A2 - .23 .00 -.07
¢) NEN Raytheon, unbiased |° .Uk A .07 -.20 03 - .20 .16 .06
- e
PP : ‘
d) PNP Pairchild, unbiased 77 .83 .07 -.36 -h2 =45 -.06 - .16
e) DPNP Raytheon, biased 52 .81 .01 -;33 .35k .02 cwa26 _ —{30
f) . PNP Raytheon, unbiased Sl .92 A2 .05 .37 2T .29 .08

2—689g21—éa ‘

o Table 2. RANK CORRELATION COEFFICIENTS

(/!;, = final gaing IEBO was ‘m;aasured at 4 volts for the Fairchild 2Nll32 devices only)
i .
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This equation is simply an identity which applies to each device
separately. Now, one may think that K is just as different among devices
as the initial gains (excepting of course the verb-r kigh dose case where
K==1 for all of them since ZI >> I ) Interestingly enough, in certain
cases K turns out to be approx:.mately constant among devices, even oelow
the extrsme high doses, as e.g., figures (32) through (35) testify. (Many
other similar Ycorrelation" plots were observed by Boeing personnel.) But
then in a certain-fluence range bhe prediction- of the gain loss from the
initial gain is possible within certain limits. In other words, the relative
gain loss is approximately constant among devices regardless of the imitial
gains. This last sentence seems to imply that some sort of a '"normalization™
of the gain degradation of the dif_ferent“ devices take place when the results
are compared in terms of A;g//go. Whether this is indeed the case, is still
subject to argument; ‘other workers insist that the devices should be com-
pared in terms of Ql/hFE. Let us d;'Lscuss this problem in a little more
detail.,

In radiation damage studies one is quite often faced with the problem
of comparing the radiation sensitivities of different devices to gain degrada-
tion. Then the gquestion arises as to what quantity(ies) to use for a valid
comparison. One such quantity widely used in nonlinear damaée studies is
Al/hFE Certainly Al/hFE appears to be a g;ood selection for some of the
comparison purposes since it is equal to EIB/I » and ZI depends on the
inherent radiation sensitivity of the device but not on the initial _ga:.n.
However, we feel that vhen the devices to be compared have different geometries,
e.g., coming from separate mannfacturere, the quantity }:IJB{/Ic has to be modified
in order to normalize the devices to the same geometrical dimensions. It ap-
pears that an expression like ZIE/IE would be appropriate since then theﬂ dif-
ferent geometrical factors will drop out. - (E.g., the lengths of the emitter-
base junction perimeters. The previous statement is strictly correct if both
Ig and ZIE are dominated by the same base current component. This is, how-
ever, usually the case in practice, because of the dominant role of the surface
component in nonlinear damage.) Actually any expression involving ZIE/IE‘

would be equally good, e.g.
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the relative gain loss

Iy
1+ "
3Ip
or
1 g ) . .
== the relative gain remaining
T f% . -
1 B
+
I -
B

Note however, that it is Jjust as wrong not to normalize agpinst certain
pertinent factors as to normalize agalnst others which have nothing to do with
the resultant gain degradation. Therefore we propose that if there is no cor-
relation between I; and ZI}; {i.e., between hFE and élthE), then the comparison
of presumably identical devices should be done in terms of ZSlthE, whereas
the comparison of others with known geometrical differences should be done in
terms of ZXﬁ%ﬁi. On the other hand, if correlation hatween Ig and.;zig do
exist then the comparison of devices in terms of £l4?f% should always be

superior to that in terms of ZEl/hFE,

In the final analysis, the experimental resulis should decide whether
or not a correlation between IB ané.:EEB exist. 1In many of our experiments
the quantxtyﬁ&é@ﬂ seemed to give a better normalization of the gain degradation,
thus implying some degree of correlation beiween IB and EEB or f% and Eﬂ%@.
However, direct tests indicated correlation between these two gquantities only
in a few cases. Needless to say the.froblem merits further consideration. In
particular, a thorough experimental study of correlation problems is sorely

needed.
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2.3 Dependence of Nonlinear Damage on the Current Level During Gain

Measurement (Task ALl)

One of the major tasks of this contract was to evaluate empirically thé‘
dependence of nonlinear damage on the emitter current, IE, at which the gain:;as
measured. The degradation results are summarized in Figures (35) through (58)
in three different graphical forms. Essentially all of our devices are }
represented in the foellowing figures depicting their dependence of gain
degradation on injection level. (Since the Fairchild Series 500 Transistor
Tester programs IC instead of IE data curves are shown for the former; Also,

the gain is measured as IG/IB' Correcting this expression for the leakage cur-

CBO’
The three different types 6% plots are discussed below. The fluence

rent, I (see Equation (1) in 2.2.1.2) made very little difference in our data.)

values, whenever they occur, (either as independent variables or as parameters)
can easily be converted 1nto dose if desired, by dividing with a conversion

factor of 4.2k x 107. That is to say

Fluence (1 MeV electrons/cma)
L,24h x 107.'rads(Si) x cm%]"l

Dose (rads{S8i)) =

Note that the quoted fluence values on all of our figures are meant on the 5i
chip and not on the transistor can. Namely, the transmission losses suffered
by the electron beam when traversing the can were taken into account. This

way one is able to better compare the irradiation féspohse of devices coming

from different manufacturers with different can thicknesses.

i) Z}(l/hFE) vs. & plots for a family of Ic values (Figures 35-46):

On this type of plot the "nonlinearity" of the gain degradation
induced by surface effects is very apparent.- The dependence of gain de grada-
tion on the measuring current is indicated in graphical forms by a family of
curves for the nine diffe;en? IC values, Interestingly enough, these curves
are almost parallel to each other and except for the very high current values,
nearly equally spaced. This means, that at least for this tyﬁe—of a plot,
measurements made at a smaller number of currenis would. also be sufficient to
characterize the IC dependence and enable one to predict the curve at inter-

mediate I, values. ®
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The 12 figures selected mage up essentially a complete set in
showing all the different graphical forms:of the‘ﬁll/hFE'vs.'ﬁ curvesy. -
obtained under different conditions, thus representing practically all of
our 218 devices. This‘representati;n is possible with the relatively few
'fiéﬁgééuaf.ié_éince'déviqes within a2 given batch had ver&msimilar curves
ﬁence on figure shown can represent the rest. lore than that, some times
one.device .can represent all the devices from several batches. Table 3
summarizes what devices in-é.gi%én batch or baféhés are reﬁreéeﬂted by‘;
certain fiéure. Soye other relévant_information is slso iqcluded.

The figures for_Ehe aétive NPN and PNP devices, #57, ?i, and
#129, 153 respectively, do not represent batches, they represent essentially
all the devices within the biased'NPN and PNP groups regardless of their
specific baich number of specific bilas conditions. No study was carried out
to ascertain differences between batches under identical bias and exposure
conditions in a comprehensive manner like that for the passive devices. (Two-
two devices were selected to represent the biased NPN and the biased PNP
group respectively, in order to illustrate some slight differences in the
curves within the biased groups. The "flattening" of the 10 ua curve in
Figure (38) above Q’a*lQlB glectrons/bm2 shows that the gain was reduced
below 1.9 by the Fairchild 500 Tester. Similar "flattened out" regions will
be seen in some of the other figufes for the same reason. Although, separate
measurements of the gain values below 1.§ were also made by changing certain
clrcuit modules 65 the Transistor Tester, it was not feasible to incorporate

these data into the main deck of the computer data cards.

The tremendous difference in the ZSL/hFE vs. @ curves for passive
and active NPN devices should be noted; it signifies the drastic effect of the

active bias during exposure in enhancing nonlinear gain degradation.

4is showp in the figufes, éhe IC dependence of the -gain degradation
seems to be very much the same for all the devices represented, in spite of
the differences in the graphical forms of the le/hFE vs. @ plots. This seems
to be the case even for the passive and active NPN devices in spite of their
large difference in the ZXl/hFE vs. @ curves, reflecting their difference in

radiation sensitivity.
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That the curves should be nearly parallel can be explained as follows:

The quantit& ﬁhl/hFE,-which is plotted against ®, can be expressed as

EI

Al/h

thersfore for two- different EE values at a given &:

R . . X
. : Zlgl Z IBZ
(éséthE}l - Icl and (KSZ/hFE)E - 102_

-

The ratio of these two equations (i.e., the distance between them on log

scale) is given by

(Al/ngg)y 5T Tep
A/ ), T <X I
el 3k, ta

(12)

Now the question is whether or not this ratioc varies wiih fluene&; if it
remained nearly constant then the lethE vs. @ curves with different Ic
values would be approximately parallel -on & ]og—log ploa. Clearly

I 2/131 is indepeadent of fluence. Actually, so is the raéio of the extra
base currenis, at least when they are dominated by the surface components,
since the ratio depends only on VBE‘S necessary to get the desired IC values.
The effect of increasing the number of interface stales (Z}Nt) with dose

should drcp out, since both E 1 and IS

B 32
That the parallel curves should also be pearly equally spaced,

are proportional %o ZBNt.

except at high IC, simply follows from the particular selection of the IG

values, namely, from the fact that-the ratios of the adjacent 1 values are_
30 ua 100 ua '
e At
approximately the same (10 B T e etc.), as can be seen from

Equation (12) after some manipulation.

Incidentally, the figures of 35-4G are referred fo several times.
They are used not only to show the dependence of nonlinear damage on the

measurement currenis, I but also to illustrate the wide variety of the

CS
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Table 3. Description of the DevicelGroups Represented in Figures 35 - h&v

Passive  Number of Corréspondiﬁg

Figure Device ':‘ Y or Baiches. No. of Devices
: Noo . No.. " Type . Manufacturer .. Active - Representsd . (10 dev¢fbatch}w
35 2 2Mi613 Fairchild:  Passive 1 10
NPN ' :
36 36 2M1613 Fairchild  Passive 2 20
NPN
37 57  2N1613  Fairchild Active L
NER . ot Biased 45 -
28 7L .. 2N1613 TFairchild . Active J D OWP
NPN -
39 &z 2N161%  Raytheon Passive B 10
NEN :
40 107  2N1613 Raytheon Passive 2 20
NPN
4, 146  2N1132 Raytheon Passive 3 30
: " PNP _
42 129 2N1132  Raytheon Active :
FNP i ,, Biased 55
43 153  2N1132  Raytheon hotive | GTOUP
: ENP ‘
hiy 198  2Nil32 . Fairchild  Passive )
PNP ..
_ 2% 20
by 206 2Nil32  Failrchild Passive
PNP -
L6 215 2N11%2  Fairchild Passive 1 10
' BNP

*Iwo figures are necessary to represent each of the two batches; i.e., each bat:
has -two subgroups of devices which are similar to the fwo subgroups in the othe.
batch,
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Figure 36: DEPENDENCE OF NONLINEAR DAMAGE ON THE INJECTION LEVEL DURING
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'Figurla 45: DEPENDENCE OF NONLINEAR DAMAGE ON THE INJECTION LEVEL f}URING
MEASUREMENTS IN PARAMETRIC FORM (FAIRCHILD 2N 1132, PASSIVE, PART OF

TWO BATCHES = SEE TEXT; MEASUREMENT CURRENTS FROM TOP TO BOTTOM: -

10~-30~100-300 ya, 1=3~10-20~40 ma)
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ZBL/hFE vs. # curves of different shapes, exXpressing differenﬁ forms of
damage buildup with dose, for presumably "identical devices. This was
already discussed in Section 2.2, 3 Still another use of these figureé
comes from the fact that the curves shomn are rﬁyreseniatlve “of 10, 20,

or, 30 devices wﬁlch belcpﬂed o one, twe, or three batches and exhibited -
very similar curves., The implication of the similar behavior within a
transistor baich or date code will be further discussed in the Sta%isticél

Analysis Section (2.4). .

1i) EEEJBE vs. I plots for a family of ® values {Figures 47-52).

Six figures are included (both here and in iii)) ko represent the
Fairchild passive ‘PNP, passive and active NPN, and the Raytheon passive NPN,
passive and active PNP devices. These plots clearly express how the non-
linear gain degradation depends on the measuring current. Actually the -
functional relation beiwsen ZﬁlthE and IC’ subject to certain assumptions.

was already derived in Sectiom 2,2.1.3 and is approximately given by

éll/hFE = const. Ic(l/n)“l {13)

This relation on a log-log plot, as shown in the figures, should result in
straight lines, which in general they did at least below about 3 ma. The
slopes of the lines Turnish ths "n" values which can identify the spatial
origin of the dominant base current components at differsent fiuvences.  This
method of analysis was also discussed in Section 2.2.1.53. In order to get

the "n* values for the devices prior to irradiatign, I/EEE VS IC lines were
also included in the figures. These are the lines with the very small slopes

intersecting several other lines,

o———

iii) _Zthth§E vs. I, plots for a family of & values (Figares 53—58};

These plois are complementarg to the ones discussed previously
under ii). Instead of éhl/hFS we plot ZthE/h?E against I,.since the relative
gain degradation is of more interest to a circull design engineer. Then of
eourse the knowieﬁge of ZShFE/hﬁE at different measuring current levels is also
important. The figures express the fact, emphasized throughout the report, that
nonlinear gain degradation is usually most severe at low current levels never-

theless can be significant even at higher current values.

81
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2.4 STATISTICAL. ANALYSIS (TASK 42)

In trylnr to pre redict transistor gaip degradatlon due to ionizing
jirradiation of the surface, one should have some idea about the StatlSulCal
spread in device response among the preoum“oly "1uenL1ca1" devices during
identical exposure conditions. Certain spr ead "in gain degradation is cleardy
expected among tran81stors the questlon is how much. It is well known that
the initial surface condltlons are extremely crltncal for conirelling certein
transistor paramguers as well as for influencing the degradation of those _
parameters during surface ionization effects. More specifically, the oxidation
conditions and surface cleaning techniques will determine not only the low cur-
rent gain values but also the degradatiép of this gain with exposure. Although
the silicon chips are presumably subjected to "identicai" fabrication conditions,
it is not possible in practice to avoid some subtle differences in the fabrica-
tion procedures (e.g. due to small differencésnin‘surface cleaning steps- done -
by different operators-during assembly) consequently the surface conditions_of

the finished transistors can differ slightly.

In order to determine the size of the spread in device response during
identical exposure, a statistical study was carried out on passive transistors.
30 Fairchild 21613, 30 Raytheon 2N1613,'30 Fairchild 2N1132 and 30 Raytheon
2N1132 transistors were procured, actuall& each group of 30 came from three
different batches of 10 devices each. With such 2 selection of transistors we
were able to observe differences among devices within -one given batch, among
batches and between manufacturers. ﬁy batch number as we said earlier, we mean
the date code. (year and week) stamped on the transistor can. The actual batch
numbers or date codes of the devices used in our statistical study are listed

in Table #.

The resulis of the study are expressed in three different ways in

Figures (59) through (70). Namely, the different device groups are compared
in terms of the hFE vs. @, Z}ﬁ?@ vs. @ and Z}l/hB vs. B. (For typographical

) . o] iE

- Qa . = o - "
reasons we write él%éﬁo for ZShFE/hFE, i.e., hFE —ng A1l gain values shown
here refer to measurements at 10 pa. In each figure we find three curves super-
imposed where each curve represents the mean value of the particular paraneter

¥

taken for a given batch (10 devices). The vertical bars across the curves

9k
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represent the standard deviations: (0}, i.e., express the size of the
statistical spread in the values of the given parameters among the 10 de-
vices. The curve for batch_#l is left in its ofiginal positionm the other two -

.are shifted horlzontally for clarlty in order to avoid overlap of the G’bars.

1

The hFE VSe ﬁ data 1llusbrate the 1n1t1al gﬂln distributions within
the batches-as well as the changes of theoe=d15tr1butlons with Tluence. The
Z&é@éo vs. ¢ data, since they are "normalized," as discussed in Section 2.%.4}
are well suited to show up some inherent differences in surface conditions
among the ba?ches. Without such.differences the- curves should overlap. The
Zl.l/hFE vs. # data show the differences among the batches by using still another,

type. of ‘normalization as discussed. in 2.2,&. Ll SlaTan,
The following conclusions can be -drawn. from the fipures:
i) Devices within a2 given batch:

Devices, as a general rule, tended to. behave very similarly within
a glven batch at least as far as their gain degradation was concerned, e. g s
in terms of theéll/hFE vs. @ curves. Although the actual values of Z}_l/hFE
given @ were somewhat different for different devices, as ithe size of thegjjbars
testifies in Figures (63), (64): and (69), (70), the shape of the curves for
the individual devices Qere very similar. A given shape could almost serve 25
a marker for all the transistors within a batch. This was already emphasized
in Section 2.3 in selecting Figures (35) - (46) CZSl/hFE vs. @ for a family of
Ic) where it was pointed out that the devices shown represented one or more

batches because of the close similarity of the curves within one batch.

The reason for tﬂe similar behavior during exposure is presumably
that the devices bearing the same date code went through the different fabrica- .
tion processes together as a group, i.e., conditions were fretty much the- same
for all of them. Although this is probabl& true it is not necessarily the case
as discussions during a visit to the manufactureru revealed. BE.g. denendiﬁg .
upon the number of devices prodaced within a particular week the devices having
the same date code may or may not come from the same “lot“ (A group of wafers
exposed to identical diffusion and Qxidation conditions at the same time.) If
only a relatively small number éf transistors were produced then they are likely

to originate from the same lot.
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Of course it is still true that deviées with the same date code
alihough coming.from different lots could, nevertheless,” experience pretty
much identical diffusion, oxidation;and surface cleaning procedures within a
week or so even thcugh‘not exactly at the same-time. To the contrary, devices
having widely different déte codes (by a year or more), probably experienéé
slightly differegt fabriéation conditions due to continucus improvement and
changes in techniques, (surface cleaning!) equipment and operators during that

time.
ii)} Devices from different batches of the same manufacturer:

On the basis of vhalt we said eérlier in i) we do expect some dif-
ferences in device response during irradiation among devices from diif@rent
batches especialiy if the date codés are far apart. -‘Experimentally, this is
indeed the —cases. By checking the date codes in Table 4 and comparing the
curves representing separate batches in Figures (59) - (70) we see the fol-

loving:

a) NPN - Féircﬁiiﬁ: The mean hpp curves répreéenting’F2;and T3
are close while F1l is apart in Figure (59) as expected on the basis of the
date codes. -However, when the nonlinear damage is plotied in terms ofilé%éi,
then the curves of all batches superimpose as shown in Figure (61). Quite
surprisingly, the superposition of the curves in terms of the ZSl/hFE data

in Figure (63) is not nearly as good.

b) PNP - Fairchild: The initial portion of the mean hpp curves
representing F1P and F2P are far apart while F3P is close ﬁ& F2P which is
mnexpected on the basis of the date codes. The superposition of the curves
in terms ofé$é%£§ or O1/hpp is good for F1P and F2P but F3P is way off,
inﬁicating some small but significant differences between the exact surface

conditions of transistors (FlP, F2P) and F3P.

_¢) NPN - Reytheon: Ipitial gain values of Rl, R2, and R3 are very
¢lose in spite of the very different date codes. But their irradiation
responses are widely different both in terms ofé}ﬁ%go (Figure 62y, and of
Dl/hpg (Figure 64). Interestingly though, RL and R2 remain quite close in the
mean by curves {Figure 60). R3 is way off even there and surprisingly suffers

the worst damage in spite of its most recent date code.
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ld) PP ~ Raytheon: R2P and R3P curves of mean hpp are far apart
in Figure (66) whergas their date codes are quite close. RLP and R3P curves
are close in the same figure though the date codes aré quite different. _RIP

.andR3P curves aléoaréméin élose, as&expected, when the nonlinear damage is
normalized either in terms ofgké%ég or 2$1/hFE (Figures 68 and 70), hhergas
RZP curve remains split off in dither case. This indicates that the surface
conditioné of the devices in batchRZP are significantly different in some way

with respect to the other two batches.

iii) Devices with identical designations from different manufacturers

(Pairchild vs. Raytheon):

Differences -in device response during exposure.among devices coming
from two manufacturers are certaiﬁiy expected. - There are constructionsl dif-
ferences between the devices and- the surface treatments can be emtirely dif-
.ferent (usually proprietary information) in spite of the fact that tﬁe devices
are produced for the same functions in électrical circuits. These factors of
course have a large influence on the radiation hardness of the devices. Then
in order to be able to select the best possibvle transistors for ionlizing
radiation environment it is- important to determine what and how large are ‘the
differences in radiation response among devices from different manufacturers
during exposure. As proposed in Section 2.2.4 the quantityélﬁ%ﬁ% will be
used primarily for comparing the devices of separate manufacturers in order %o

normalize against differences in the emitter-base Junction perimeters.
The following conclusions can be drawn from the figures:

2N1613 -~ NPN

Radiation resistance: Rl and R2 are better than FlL, ¥2, ¥> whereas
R3 is worse. (See Fhe[&éégg curves in Figures (61) and (62).) R2 vas
especially good.

* Statistical spread: The different Fairchild batches were much
closer in behavior than tée Raytheon ones. This was especially true in the
g}ékﬁo curves which is eq?ivalent to sa&ing that there was a éood correlation
between gain.loss and initial gain for the Fairchild devices whereas absent for

the Raytheon omnes. Conseﬁuently the prediction of the gain loss, £Mg, or the
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relative gain loss, (5%@?%,'was possible for the Feirchild devices but not
for the Raytheon transistors. Also the statistical spread among devices’
vithin a given batch is much wider for the Raytheon devices ‘than for the.

. :

Fairchild as seen from the size of the & bars.

2N1132 - PNP

Radiaéioﬁ resistance: Fairchild batches are somewhat better than

the Raytheon ones. (See Figures (67) and (68).)

Statistical spread: Raytheon bétches are glightly closer than the
Fairchild ones, although the former Eatches cover over 1} year period whereas
the latter ones cover about a year. Tﬁe error bars are approximately.oé the.
same size for both hanufacturers.,_The correlation of the gain loss to the
initial gain or equivalently the predictability of the relative gain loss,
" ONP/4,, vas approximately of the same degree for each manufacturer. (See

Figures (67) and (68) or the Rank Coefficients of Correlation in Table 2.)

In summary of this section we can say that in order to éelect
transistors (given type and manufactqrer) with the least expected spread in
radiation response cne should specify not only that the devices carry the
same date code but alsc that they come from the same lot of Si wafers. As
a compromise one may settle for the same’'date code only, 'although a somevhat

higher statistical spread is then expected.

Of course, selecting the particular manufacturer is also a very
important problem since the statistical spread even among different batches
can ve smaller for one manufacturser than that within one batch from ancther
manufacturer. This is a statistical consideration only. It says nothing
about the average radiation hardness (i.e., the radiation sensitivity) of the
devices coming from different manufacturers which can be significantly &if-

ferent.

We wish to re-~emphasize that the previous statistical study was carried
.out on passive transistoré cﬁly. Since in actual space applications the devices
are often active during exposure, a similar statistical study’carried cut on
biased devices would bs hfghly desirable. On the 5asié of such a study, a much

better prediction of the expected nonlinear gain degradation would be possible.

1%
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Passive Devices
Ey

2N1613 — HDN. ; 2M1132 - PP
Batch T Actual tch Actual | .
-Number ~Date Device Number™ Date Device
Desipgnation Code - Number Designation Code .7 Number [
Fl 701 {1 thru 10 R1P 6523 1311-120
F2 552 31~ 4O R2P 6710 141-150
3 615 - 61~ 70 .= R3P 6649 161-168
RL g W6 81~ 90 Fip 721 189-198
“R2 6545 91-100 _F2p 736 199-207
R3 6625 101-110 F3p 621 208-218
Active Devices
2N1613 - NEN 2N1152
Fairchild Raytheon
Batch Actual Batch Actual
Number Date Devicge Numbher Date Device
Designation Code Number besignatbion Code * Number
No Numbax Mixed 11-30 Yo Number Mixed 123-~140
Assigned Codes Assigned Codes ' ,
Yere 41-60 Yere 151160
Used . Used .
for 71-80 for 169-188
These These .
- Testis Tests
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DEVIATIONS)
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5.0 PRCGRAM SCHEDULE

The program schedgle is shown }n Figure (71). 1 MeV electron tests

- were performed as scheduled. Preparations are completed for 15-MeV proton
testing and combined testing. Those actual tests are behind schedule, bui
once they are underway they should be finished without need for a contract

extension.
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Figure 71. ' Program Schedule
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4,0 NEW TECHNOLCGY

The research work performed on this contract has been reviewed, To

the best of our knowledge there is now new technology to report.
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5.0 FPROGRAM TOR NEXT REPORTING INTERVAL

The next major repoft will be the draft final due in Ocltober. By

_then computer analysis of all new test data should be complete.
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